Abstract: Atherosclerotic cardiovascular diseases (ASCVDs) are associated with a substantial mortality, physical morbidity, and mental disability. Elevated plasma low-density lipoprotein cholesterol (LDL-C) levels play a major role in the pathophysiology of ASCVDs. Statins have been shown to reduce ASCVD risk and associated events and are recommended as firstline therapy for treatment of hypercholesterolemia by current international guidelines. The key issue is to attain guideline-recommended LDL-C levels (below 70 mg/dl) for patients at very high cardiovascular risk. However, many high-risk and very-high-risk patients on statin therapy remain beyond treatment goals despite lifestyle modification and statins, and are exposed to a high risk of future cardiovascular events including myocardial infarction (MI), stroke, revascularization procedures, and death. This clearly emphasizes the urgent need for additional LDL-C reduction with new therapeutic strategies to target these highly atherogenic particles and to further reduce the burden of ASCVDs. Proprotein convertase subtilisin/kexin type 9 (PCSK9) plays a major role as a key regulator of the hepatic LDL receptor recycling process. Developments over the past 15 years have demonstrated PCSK9 inhibition to be a novel therapeutic strategy to manage increased LDL-C levels. A number of clinical studies using humanized monoclonal antibody technology against PCSK9 have shown profound reductions of LDL-C levels when used either alone or in combination with statin therapy. Recently, the first cardiovascular outcome study demonstrated a significant reduction of ASCV events when evolocumab was added to a statin therapy. This review will discuss current knowledge about antibody-mediated PCSK9 inhibition as add-on therapy to statin and the clinical potential that may be expected.
Introduction
Statins are recommended by most current guidelines as a therapeutic strategy of first choice for reducing major adverse cardiovascular events (MACEs) in patients with atherosclerotic cardiovascular disease (ASCVD) risk. [1] [2] [3] [4] Furthermore, as suggested by such guidelines, patients categorized in high-risk and very-high-risk groups should be treated to achieve low-density lipoprotein cholesterol (LDL-C) levels below 100 mg/dl and below 70 mg/dl, respectively. [2] [3] [4] However, many high-risk patients on statin therapy do not reach treatment goals for LDL-C. It has been suggested that only one in four high-risk patients treated with statins for more than 3 months had LDL-C levels below 70 mg/dl. 5 Several European epidemiological studies confirmed these findings [6] [7] [8] and additional data could demonstrate that most patients (about 80%) with heterozygous familial hypercholesterolemia treated with statins do not reach LDL-C levels below 100 mg/dl. 9, 10 Real world data suggest that most patients are usually started with a moderate-intensity statin with the potential to lower LDL-C levels by about 30%. 3, 11 However, both US and European guidelines recommend high-intensity statin therapy to reduce LDL-C by approximately 50% for higher risk patients, including those with diabetes with target organ damage, ASCVD, and for patients with LDL-C of more than190 mg/dl. 1, 4 In patients not at their LDL-C-goal with the initial statin therapy, further therapeutic strategies include increasing the statin dose, adding a nonstatin LDL-Clowering drug, or changing to a higher-intensity statin such as atorvastatin or rosuvastatin. 12, 13 If higher doses of moderate-intensity statins or highintensity statins are not tolerated, a nonstatin LDL-C-lowering drug (in most cases ezetimibe) can be added to further reduce LDL-C. 1, 12, 13 Considering the high number of patients at risk whose condition remains poorly controlled with maximally tolerated doses of statins (and ezetimibe), there might be a benefit from more intensive cholesterol-lowering therapy beyond currently used strategies. 1, 5, 13, 14 Statins are competitive inhibitors of the 3-hydroxy-3-methylglutaryl coenzyme A reductase activity (HMG-CoA-R), which is the rate-limiting enzyme in cholesterol biosynthesis mainly in the liver. Statin-induced inhibition of HMG-CoA-R leads to a transient decrease in the cellular cholesterol content, which activates the transcription factor sterol regulatory element binding protein (SREBP), which results in upregulation of the expression of the LDL receptor gene. Enhanced LDL receptor expression results in a higher uptake of LDL particles from the plasma, leading to a reduction in plasma LDL-C concentrations.
Ezetimibe is an inhibitor of cholesterol absorption from the intestine and targets cholesterol uptake (via the cholesterol transport protein Nieman Pick C1 like protein) at the jejunal enterocyte brush border.
Alirocumab (Sanofi-Regeneron Pharmaceuticals, Inc., Paris, France and Tarrytown, New York) is a fully human monoclonal antibody currently approved in Europe for the treatment of adults with primary heterozygous familial and nonfamilial hypercholesterolemia or combined dyslipidemia. It can be used in addition to dietary measures and may be used in combination with a statin or in combination of a statin together with additional lipid-lowering therapies in patients who are not at LDL-C treatment goals with high-intensity statins (highest tolerated dose of a statin). Finally alirocumab has been approved alone or in combination with other lipid-lowering therapies in patients who cannot tolerate statins (statin intolerance).
In addition, evolocumab (the second fully human monoclonal antibody currently approved in Europe; Amgen, Thousand Oaks, CA, USA) is approved for adults and for adolescents over 12 years of age with homozygous familial hypercholesterolemia in addition to their lipid-lowering therapies. 12 Alirocumab was investigated in three phase II trials that included patients with background statin therapy or the combination of statin plus ezetimibe [ClinicalTrials.gov identifiers: NCT01288443, NCT01266876, NCT01288469]. These studies revealed a reduction of LDL-C levels beyond 70% in alirocumab-treated patients. Moreover, in addition to LDL-C reduction, a decrease in the levels of apolipoprotein (ApoB), lipoprotein (a), and triglycerides (TGs) could be shown. Additionally, HDL-C and ApoA-1 levels significantly increased in alirocumab-treated patients. [15] [16] [17] There are no signals of clinically relevant adverse events in patients undergoing treatment with alirocumab beyond mild reactions at the injection site. [15] [16] [17] The phase III OPTIONS I and II studies investigated patients with LDL-C levels above the prespecified levels of more than 70 mg/dl or above 100 mg/dl and compared the lipid-lowering efficacy and safety of alirocumab with various therapeutic choices in patients at high cardiovascular (CV) risk on atorvastatin 20 mg or 40 mg daily or rosuvastatin 10 mg or 20 mg daily.
The phase III program with alirocumab includes a total of 14 studies (ODYSSEY alirocumab phase III program) with a total of more than 23,000 patients. The large CV outcomes trial (ODYSSEY OUTCOMES), investigating the long-term efficacy of alirocumab on the occurrence of CV events in more than 18,000 patients with a recent history of an acute coronary syndrome, is part of this program and the results are expected in 2018. This paper summarizes current knowledge about antibody-mediated proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibition as add-on therapy to a statin. PCSK-9 inhibition and the regulation of LDL-C metabolism PCSK9 is secreted protease that is a 692-aminoacid mature protein. It consists of three domains (prodomain, catalytic, and C-terminal domain). It belongs to the family of serine proteases and plays a major role in the regulation of the activity of the hepatic LDL receptor. 18 It is primarily expressed in liver, intestine and kidney, and has a rapid turnover in plasma (below 10 min). Removal from plasma occurs principally via the LDL receptor and its degradation in hepatic lysosomes.
PCSK9 regulates the surface expression of LDL receptors by targeting the LDL receptor-PCSK9 complex for lysosomal degradation in hepatocytes. In the presence of a high concentration of PCSK9, the number of LDL receptors on the hepatocyte cell surface decreases because of enhanced intracellular LDL-receptor (LDL-R) degradation. A low number of surface-bound LDL receptors results in decreased removal of LDL-C particles from plasma and rising LDL-C level. PCSK9 enhances the intracellular degradation of the PCSK9 target proteins in a nonenzymatic fashion. 18 Genetics: the role of sequence variants in the gene coding for PCSK9 Variants in the gene coding for PCSK9 result in altered PCSK9 secretion or function through several heterogeneous mechanisms.
PCSK9-gain-of-function (GoF) mutations were first found in 2003 through genotype sequencing of two French families with familiar hypercholesterolemia. 19 GoF mutations of the PCSK9 gene affect all domains of the protein and may reduce LDL receptor expression by several mechanisms. Patients with PCSK9 GoF mutations are characterized by high levels of LDL-C, premature atherosclerosis, ASCVD, and other CV complications. [20] [21] [22] In contrast, subjects with loss-of-function (LoF) mutations in PCSK9 naturally have low levels of LDL-C and a reduced prevalence of coronary artery disease (CAD) relative to the general population. LoF variants may occur either as relatively rare mutations or as relatively more common genetic polymorphisms. They can affect all domains of the protein and may increase LDL-R expression by different mechanisms. The LDL-C-lowering effect of LoF mutations is usually variable and has been shown to be associated with decreased cardiovascular disease (CVD) risk. Such lower CAD risk has been found in Mendelian randomization studies in defined populations and particular cohorts. 23 LoF mutations have not been associated with any detectable clinical abnormalities. 24, 25 These genetic findings have been a cornerstone to assess PCSK9 inhibition as a novel therapeutic approach to manage increased LDL-C levels.
Statins and the regulation of PCSK9
Cholesterol homeostasis is maintained by several mechanisms, including cholesterol uptake as a LDL-R-mediated process, cholesterol biosynthesis via HMG-CoA-R, conversion into bile acids, lipoprotein release from hepatocytes in the blood, and storage as cholesterol ester.
LDL-R expression and HMG-CoA-R activity are regulated according to the cellular sterol concentration by the transcription factors sterol regulatory element binding proteins (SREBP) that are responsible for the maintenance of cholesterol homeostasis.
A state of intracellular cholesterol depletion in hepatocytes as a result of statin therapy enhances the activity of SREBP-2. This SREBP activation may result in coexpression of both LDL-C receptors and PCSK9 (Figure 1) . 26, 27 This autoregulatory mechanism is an important player in the field of cholesterol homeostasis.
However, by avoiding excessive cholesterol uptake in the liver cell, this SREBP-2-regulated mechanism may limit the efficacy of statin therapy. A large number of clinical trials, mainly with monoclonal antibody technology, have shown that PCSK9 inhibition either alone or in combination with statins can reduce serum LDL-C levels by a large amount. Furthermore, inhibition of PCSK9 used as add-on to a background statin therapy has additive LDL-C-lowering effects.
Moreover, a number of experimental data show that PCSK9 may induce endothelial dysfunction, inflammation, and hypertension by LDL-Rindependent mechanisms. Such an effect may promote progression of atherosclerosis. Further research is needed to definitely rule out possible adverse effects and potential therapeutic effects of PCSK9 inhibition that may occur as target effects and could be currently unknown. 28 Effects on atherosclerotic plaques when adding PCSK9 inhibitors to statin therapy Several studies could demonstrate that PCSK9 is present in atherosclerotic plaques and that LDL-R expression in macrophages is influenced by PCSK9. Additionally, previous studies could demonstrate that PCSK9 is involved in atherosclerotic inflammation partially involving the toll-like receptor 4 (TLR4)/nuclear factor κB (NF-κB) pathway. In animal models (high-fat diet-fed ApoE knockout mice), PCSK9 gene interference reduced atherogenesis by decreasing vascular inflammation (e.g. via inhibition of the TLR4/NF-κB signaling pathway) not mediated by plasma cholesterol levels.
In a mouse model alirocumab dose-dependently decreased atherosclerotic lesion size and severity. These effects were enhanced when atorvastatin was added. Additionally, alirocumab reduced monocyte recruitment and modified the lesion composition towards a more stable morphology by increasing the amount of smooth muscle cell and collagen, and by decreasing the necrotic core size and its macrophage content. 29 Moreover, alirocumab dose-dependently decreased atherosclerotic lesion size and enhanced the effects of atorvastatin compared with controls. Mice treated with alirocumab either alone or in combination with a high-potency statin (atorvastatin) had more lesion-free areas in their vasculature and fewer severe lesions compared with the controls. Plaque composition definition consisted of macrophage area and necrotic core area. Both were quantitatively assessed as inflammatory factors within atherosclerotic plaques. In contrast, the amount of smooth muscle cells in the fibrotic cap of the plaque and the collagen content were quantitatively assessed as protective factors. 30 Alirocumab, either alone or when combined with atorvastatin, reduced the inflammatory factors compared with controls and atorvastatin-treated mice. Additionally, stabilizing protective factors increased in the alirocumab plus atorvastatin treated group compared with controls or with atorvastatin-treated animals. 29 Alirocumab plus atorvastatin decreased circulating neutrophil granulocytes and blood monocytes. In particular, the proinflammatory Ly6C hi monocytes decreased excessively. 31 When administered alone and together with atorvastatin, alirocumab decreased the adhering monocytes and the abundance of T cells. Alirocumab reduced monocyte adherence by a reduction in endothelial Intercellular Adhesion Molecule 1 (ICAM-1) expression. 29 The ODYSSEY alirocumab phase III program Alirocumab was intensively investigated in the ODYSSEY alirocumab global phase III clinical trial program representing a number of clinical studies in various patient populations. Individual studies from this large program [32] [33] [34] [35] [36] [37] [38] [39] and two pooled analyses of 8 and 10 (placebo-or ezetimibe-controlled) studies in patients with a background therapy with statins, respectively, 40, 41 suggest that alirocumab therapy results in a profound and sustained decrease in LDL-C levels. This treatment effect allows many more high CVD risk patients being treated at lipid goals compared with placebo or ezetimibe (Figures 2  and 3) .
In a pooled analysis, secondary endpoints included the rate of patients who reach guideline-directed treatment goals [National Lipid Association guidelines: non-high-density-lipoprotein cholesterol (non-HDL-C) <100 or <130 mg/dl for patients at very high CV risk and high CV risk, respectively; European Society of Cardiology/European Atherosclerosis Society guidelines: ApoB <80 mg/dl for patients at very high CV risk; Figures 4-6 ].
ApoB plasma levels reflect the concentration of the proatherogenic lipoproteins very-low-density lipoprotein (VLDL) and LDL. Non-high-densitylipoprotein cholesterol (non-HDL-C) levels reflect the concentration of cholesterol transported by VLDL and LDL particles. Non-HDL-C is calculated as total cholesterol minus high-density-lipoprotein cholesterol (HDL-C).
Alirocumab therapy over approximately half a year enabled more than two thirds of alirocumabtreated patients on a background statin to achieve non-HDL-C less than 100 mg/dl or less than 130 mg/dl, and ApoB less than 80 mg/dl. 41 Treatment with alirocumab was safe across all groups and there were no signals of adverse events beyond injection site reactions in line with previous reports. In general, alirocumab was well tolerated across all phase III clinical trials. There was no sign of an increase in muscle-related adverse events compared with placebo. A recently published meta-analysis has suggested a possible increase in the frequency of neurocognitive events, 42 However, reporting of neurocognitive events was not systematically predefined in these trials. Additionally, the absolute numbers of such neurocognitive events were low. In a subanalysis of the Evolocumab and Clinical Outcomes in Patients with Cardiovascular Disease (FOURIER study), 43 cognitive function using the Cambridge Neuropsychological Test Automated Battery was prospectively assessed. 44 The results did not reveal any significant between-group difference in cognitive function over a median of 19 months.
Another recently published meta-analysis that included 21 phase III studies (12 studies of alirocumab and 9 of evolocumab) with a total of more than 10,000 patients revealed that PCSK9 inhibition with monoclonal antibody technology used in addition to other lipid-lowering treatments or as lipid-lowering monotherapy in patients who are statin intolerant may facilitate reaching LDL-C goals in patients with high or very high CV risk. 45 The ODYSSEY OUTCOMES trial The recently published FOURIER study 43 has shown that inhibition of PCSK9 with evolocumab on a background of statin therapy lowered LDL-C levels to a median of 30 mg/dl and reduced the risk of cardiovascular events. These findings show that patients with ASCVD benefit from lowering of LDL-C levels far below current targets. The ongoing ODYSSEY OUTCOMES trial [ClinicalTrials.gov identifier: NCT01663402] is investigating the potential benefits of alirocumab in reducing MACEs. This study includes patients with the index event of an acute coronary syndrome (ACS) within 1 year prior to randomization. To become included in this study, patients had not achieved lipid management goals with intense statin therapy. 46 Even in patients undergoing intensive statin treatment after ACS, the risk for future CV events remains elevated and is related to levels of LDL-C. The ODYSSEY OUTCOMES trial has randomized about 18,600 patients to receive biweekly injections of alirocumab (75-150 mg) or matching placebo. Treatment was started 4-52 weeks after hospitalization for acute MI or unstable angina. Patients who were included in this study were treated with background evidence-based medical and dietary management of dyslipidemia (atorvastatin 40-80 mg daily, rosuvastatin 20-40 mg daily) and had to have one of the following lipid criteria: LDL-C at least 70 mg/dl, or non-HDL-C at least 100 mg/dl, or ApoB at least 80 mg/dl. The primary efficacy outcome measurement is time to first occurrence of coronary heart disease death, acute MI, hospitalization for unstable angina, or ischemic stroke. The trial is an event-driven study 41 and is expected to continue until sufficient primary endpoint events have occurred with minimum follow up of at least 2 years. This should result in a 90% power to significantly detect a 15% hazard reduction.
Secondary outcome events include any coronary heart disease events, major coronary heart disease events, any CV events, and a composite of allcause mortality/nonfatal MI/non-fatal ischemic stroke, all-cause mortality. Additionally, this study is looking for safety and tolerability with a focus on adverse events, including allergic events and injection site reactions. Finally, changes from baseline in blood lipids and lipoprotein levels will be assessed. In summary, ODYSSEY Outcomes will reveal whether treatment with the PCSK9 antibody alirocumab in addition to high-dose intensive statin therapy reduces events including mortality after ACS and data will be presented in 2018. 46 ODYSSEY Outcomes and FOURIER: similarities and differences ODYSSEY Outcomes included about 18,600 patients and is smaller compared with FOURIER (27, 564 patients). However, ODYSSEY Outcomes has a longer follow-up period of up to 5 years, and a different composite endpoint, which may influence the results and interpretation of data. The composite endpoint of ODYSSEY Outcomes includes MI, stroke, death from CV causes, and hospitalization for angina. FOURIER added coronary revascularization to the composite outcome and ODYSSEY Outcomes did Figure 5 . Percent of patients with very-high-cardiovascular risk achieving non-HDL-C levels of <100 mg/ dl during the studies, overall and by cardiovascular risk [on treatment (mITT) population]. Pools 1-3 are on background statin therapy, pool 4 reveals no statin treatment in the control group. *p < 0.0001 versus control group at all time points in all study pools and patient categories. mITT, modified intention to treat; non-HDL-C, non-high-density-lipoprotein cholesterol; Q2W, every 2 weeks. Modified from Bays et al. 41 not include coronary heart disease death to its endpoint.
PCSK9 inhibition using siRNA technology
Currently available preliminary phase II data for inclisiran look promising. ORION-3 [ClinicalTrials. gov identifier: NCT03060577] will compare 300 mg inclisiran every 180 days with 140 mg evolocumab every 14 days. Results of this head-to-head comparison of RNAi versus monoclonal antibody technology may be available in 2018.
Potential advantages of the siRNA technology may include a reduction in the number of injections (2 per year with inclisiran and 26 per year for evolocumab), a reduction in the amount of the drug (600 mg of siRNA versus 3640 mg of evolocumab), and the stability of siRNA versions under a wide variety of thermal conditions.
The clinical potential of antibody-mediated PCSK9 inhibition
Statin therapy has been shown to be highly effective in reducing LDL-C and future CV events, including CV deaths in patients with ASCVD. However, patients treated with highintensity statins face substantial residual CV risk that is associated with achieved levels of LDL-C. 47, 48 Thus, a potential benefit of additional strategies to promote further LDL-C reduction has been suggested. Among statintreated patients, PCSK9 inhibition using monoclonal antibody technology produces additional LDL-C lowering up to 60%. Both evolocumab and alirocumab were safe and well tolerated in clinical studies and meta-analyses. 45, 49 No significant differences in rates of common adverse events have been shown compared with placebo or ezetimibe controls. We are eagerly awaiting the results of ongoing trials evaluating their effects on CVD events. 50 During the revision process of this paper, the ODYSSEY OUTCOMES study has been presented. In summary, this study could demonstrate that compared with placebo in patients with recent ACS, alirocumab 75 or 150 mg targeting LDL-C levels 25-50 mg/dL, and allowing levels as low as 15 mg/dL was able to reduce major adverse cardiovascular events, myocardial infarction, and ischemic stroke and was associated with a lower rate of all-cause death. Alirocumab was safe and well-tolerated over the duration of the trial.
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